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In this Letter, we describe quantitative magnetic imaging of superconducting vortices in RbEuFe4As4 in
order to investigate the unique interplay between the magnetic and superconducting sublattices. Our
scanning Hall microscopy data reveal a pronounced suppression of the superfluid density near the magnetic
ordering temperature in good qualitative agreement with a recently developed model describing the
suppression of superconductivity by correlated magnetic fluctuations. These results indicate a pronounced
exchange interaction between the superconducting and magnetic subsystems in RbEuFe4As4, with
important implications for future investigations of physical phenomena arising from the interplay between
them.
DOI: 10.1103/PhysRevLett.126.157001
The interplay between magnetism and superconductivity
has intrigued scientists for decades [1–3]. Unlike the
coexistence of ferromagnetism and superconductivity in
unconventional spin-triplet uranium compounds [4,5], their
coexistence in spin-singlet superconductors is generally
unfavorable because the magnetic exchange field destroys
opposite spin Cooper pairs [1–3]. Nevertheless, a growing
number of rare spin-singlet superconductors with a mag-
netic transition temperature Tm below the superconducting
transition temperature Tc has been discovered. This
includes the rare-Earth (R)-based materials RRh4B4 [6],
RMo8S8 [7], in which magnetic ordering eventually
destroys superconductivity, and also the nickel boro-
carbides with full coexistence of superconductivity and
magnetism [8,9]. The magnetic moments in these com-
pounds reside in sublattices that are spatially separated
from the superconducting electrons, thus the magnetic
exchange interaction is weak enough to allow for the
coexistence of superconductivity and magnetism below
their respective transition temperatures [10].
One family with growing prominence in this field is the
europium-containing iron pnictides [11,12]. These typi-
cally exhibit high Tc’s in excess of 30 K and somewhat
lower magnetic ordering temperatures (15–20 K). Hence,
the strong superconducting pairing, relatively large mag-
netic exchange interaction, and wide temperature window
makes them ideal materials to investigate emerging new
physical phenomena. Unlike the Eu-122 compounds,
which require doping [13–17], or the application of
pressure to obtain superconducting and magnetic
transitions [18,19], the stoichiometric 1144 compounds
(e.g., RbEuFe4As4 and CsEuFe4As4) yield both under
ambient conditions [20–23]. The Eu atoms in
RbEuFe4As4 carry large, spin-only moments that undergo
long-range ordering at 15 K. Below the magnetic transition
temperature, these moments exhibit in-plane alignment,
and there is a large anisotropy of the in-plane and out-of-
plane exchange constants [24]. This makes it distinct from
materials where the moments order along the c axis, which
can create their own unique states of vortex matter linked to
ferromagnetic stripe domain structures, such as in
EuFe2ðAs0.79P0.21Þ2 [25]. Neutron scattering experiments
on RbEuFe4As4 have revealed helical ordering of succes-
sive layers with a period of four unit cells along the c axis
due to a weak antiferromagnetic exchange interaction in
this direction [26].
Although the magnetic structure in RbEuFe4As4 is now
quite well understood, its impact on the coexisting super-
conductivity is still unclear. Above the magnetic ordering
temperature fluctuating magnetic moments are thought
to suppress superconductivity via magnetic scattering
[27–29], while in the vicinity of Tm these moments become
strongly correlated, further enhancing this suppression
[30–32]. Optical conductivity measurements probing the
RbEuFe4As4 superconducting gap revealed a small drop in
ΔðTÞ as Tm is approached from above, followed by a
recovery at lower temperatures [33]. Additionally, mag-
netic force microscopy (MFM) imaging of vortices
revealed a gradual reduction in vortex density below
∼18 K, which drops to a weak minimum at ∼12 K and
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recovers again at lower temperatures, further hinting at a
weak interaction between the superconducting and mag-
netic subsystems [33]. The analysis of the MFM measure-
ments was, however, limited to counting vortex numbers as
a function of temperature, rather than a direct investigation
of the vortex structures themselves. On the other hand,
recent angle-resolved photoemission spectroscopy
(ARPES) reveals no significant suppression of the super-
conducting gaps around the magnetic ordering temperature
and density-functional theory calculations show that the
topology and orbital character of the Fe3d bands do not
strongly depend on the magnetic order, although the band
structure evidently exhibits a degree of sensitivity to it [34].
However, these measurements would not capture the full
impact of the effect of magnetic fluctuations on super-
conductivity, as the relative exchange correction to the gap
is predicted to be significantly smaller than the correction to
the superfluid density [32]. Here we use high-resolution
scanning Hall microscopy (SHM) to investigate the influ-
ence of magnetism on individual superconducting vortices
and directly extract the temperature dependence of the
penetration depth λðTÞ and the superfluid density ρsðTÞ.
This approach has the advantage that it is not influenced by
the statistical nature of vortex patterns or by internal flux
pumping effects by the magnetic sublattice [35].
The exchange interaction between the localized
moments and Cooper pairs is expected to suppress the
superfluid density. In the paramagnetic phase, in the regime
when the exchange-field correlation length ξh is much
smaller than the in-plane coherence length ξs, this sup-
pression is caused by magnetic scattering and very similar
to the case of magnetic impurities [28,29]. However, as the
correlation length diverges for T → Tm, it always exceeds
ξs in the vicinity of Tm leading to a different “smooth”
regime of interaction between the magnetic and super-
conducting subsystems. In the case of RbEuFe4As4, ξs is
very small [24,36], resulting in a smooth regime across a
significant temperature range. The crossover between these
“scattering” and smooth regimes has been quantitatively
described in Ref. [32] and results are summarized in the
Supplemental Material [37]. The correction to ρs has two
main temperature dependencies: via the ratio T=Δ0ðTÞ, and
via the correlation length ξhðTÞ. In the vicinity of Tm, the
second of these dependencies is expected to dominate,
whereas across a wider temperature range both are expected
to contribute.
We have used SHM to image discrete vortices in high-
quality RbEuFe4As4 crystals and studied the influence of
the emerging magnetic order on the penetration depth λðTÞ
and the superfluid density ρsðTÞ [38]. SHM has the
advantage of being a quantitative and noninvasive magnetic
imaging technique that allows the magnetic penetration
depth to be directly obtained from model fits. The temper-
ature-dependent superfluid density has then been calculated
assuming ρsðTÞ ∝ λðTÞ−2 and exhibits a very substantial
drop in the vicinity of Tm. A direct comparison between our
data and the model suggests that there must be a noticeable
exchange interaction between the Eu2þ moments and
Cooper pairs that substantially suppresses superconductiv-
ity near Tm. A recovery of the superfluid density at lower
temperatures reflects a reduction of the magnetic correla-
tion length and resulting weakening of the magnetic
scattering. The good qualitative agreement with our model
represents an important step forward in our understanding
of the subtle physics at play in magnetic superconductors.
High-quality single crystals of RbEuFe4As4 were grown
using a RbAs flux, yielding flat, rectangular plateletlike
crystals with lateral dimensions up to ∼1 mm in the ab
plane and thickness ∼60 μm parallel to the c axis [22].
X-ray diffraction and specific heat measurements have
previously confirmed that the crystals are single-phase
material without EuFe2As2 inclusions [22]. RbEuFe4As4
has a simple tetragonal structure and a P4=mmm space
group, with one formula per unit cell and lattice constants
a ¼ b ¼ 3.88 and c ¼ 13.27 Å [22]. A single unit cell of
the crystal structure and atom-to-atom bonding is shown in
the inset of Fig. 1. The high quality of the crystals was
confirmed via electronic transport and magnetization data.
The transport measurements were performed by attaching
gold wires with silver paint in a standard four-lead Hall bar
configuration, and the in-plane resistivity then measured as
a function of temperature. This is shown in Fig. 1, revealing
a superconducting transition of ∼37 K. The magnetic
susceptibility as a function of temperature was measured
with a commercial magnetic property measurement system
(MPMS3, Quantum Design) with magnetic fields applied
along the c axis revealing a magnetic transition at ∼15 K.
FIG. 1. Temperature dependence of the in-plane resistivity of
RbEuFe4As4 near the superconducting transition and the mag-
netic susceptibility of a zero-field-cooled RbEuFe4As4 single
crystal with a 10 Oe magnetic field applied along the c axis. The
inset shows one unit cell of RbEuFe4As4, where the magnetic
structure of the Eu sublattice is indicated.
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To prepare samples for SHM, a crystal of RbEuFe4As4
was glued flat on a gold-coated Si substrate and mechan-
ically cleaved immediately prior to coating with a
Crð5 nmÞ=Auð40 nmÞ film [cf. Fig. 2(a)]. This ensured
good electrical contact between the scanning tunneling
microscopy (STM) tunneling tip on the SHM sensor and
the sample surface. The Hall probe used was based on a
GaAs=AlGaAs heterostructure two-dimensional electron
gas defined by the intersection of two 700 nm wide wires.
This was located ∼5 μm from the gold-coated corner of a
deep mesa etch acting as the STM tip [38]. The Hall probe
was mounted at an angle of approximately 1° with respect
to the sample plane, ensuring that the STM tip is always the
closest point to the sample surface. The Hall probe was
approached to the sample until a threshold tunnel current
was reached, at which point the probe was manually lifted
out of tunneling by ∼50 nm for rapid flying mode scan-
ning. From this, a two-dimensional map of the magnetic
induction across the surface of the sample was obtained
[38], and several images were then averaged frame by
frame to suppress low-frequency noise from the Hall probe.
Figures 2(b)–2(f) display vortex-resolved SHM images
for a RbEuFe4As4 crystal after field cooling to 30 K from
above Tc at various small, perpendicular effective magnetic
fields between −2.1 and 1.3 Oe. Note that quoted values of
magnetic field are effective ones after we have accounted
for small amounts of flux that get trapped in our super-
conducting magnet upon initial cool down. This remanent
field has been estimated by counting the number of vortices
in our field of view at various applied fields [37]. The scan
range of the piezoelectric scanner is strongly temperature
dependent and varies from 8.5 × 8; 5 to 13.5 × 13.5 μm
between 10 and 35 K. Even below Tm, we can attribute all
the magnetic contrast in the images to vortices and see no
sign of c-axis fields associated with domain walls between
magnetic domains. This differs from the MFM images in
Ref. [33], which showed the presence of such stray
magnetic fields at temperatures below Tm. It is possible
that these domain-wall fields are also present in our sample
on much larger length scales than we probe in our
measurements.
A sample was then field cooled at Heffz ¼ −0.8 Oe from
the normal state and images captured at several fixed
temperatures down to 10 K [cf. Figs. 3(a)–3(c)]. Profiles
of one particular vortex at a few selected temperatures are
presented in Fig. 3(d). The influence of the long-range
magnetic ordering is clearly reflected in the peak amplitude
of the vortex, which weakens (and broadens) as we
approach 15 K from above. The amplitude then starts to
grow again at lower temperatures. The same behavior is
observed in our detailed analysis of the temperature
dependence of four distinct vortices in two different
crystals. We also observe an unexpected increase in low-
frequency noise in our images between 20 and 15 K in a
regime where the intrinsic Hall sensor noise would nor-
mally fall as the temperature is lowered, see Supplemental
Material [37] for more details. We tentatively associate this
additional noise with magnetic fluctuations near the sample
surface that have not been screened out by superconduc-
tivity. We also checked that there was no detectable
hysteresis in the influence of the long-range magnetic
order on the vortices by capturing images at both increasing
and decreasing temperatures.
To investigate this behavior further, we have performed a
quantitative analysis of the temperature-dependent vortex
profiles Bzðx0; z; λÞ by fitting them to a modified Clem
model [40,41] to extract the magnetic penetration depth λðTÞ,




























where z is the sensor scan height measured from the sample
surface, w ¼ 0.5 μm is the electronic width of the Hall
probe, q is the Fourier wave vector, K1 and J0 are Bessel
functions, ξs is the coherence length for which we assume




, and Φ0 is the flux quantum.
Fits to Eq. (1) have been superimposed on the measured
FIG. 2. (a) Optical micrograph of a RbEuFe4As4 single crystal
after cleaving and deposition of a conductive coating. The
approximate location of the images taken in Fig. 3 is marked
by the white cross. (b)–(f) Three-dimensional SHM images of
vortices in a RbEuFe4As4 single crystal after field cooling to 30 K
in effective perpendicular fields between −2.1 and 1.3 Oe [39].
The scan size is 12.6 × 12.6 μm. The full magnetic field range of
the images (vertical scale) span 0.4 (−2.1), 0.5 (−1.25), 0.8
(−0.45), 0.7 (0.4), 0.5 G (1.3 Oe).
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profiles in Fig. 3(d) showing excellent agreement. The
value of z ¼ 1.45 0.01 μm was extracted from a fit at
30 K with λð30 KÞ estimated from experimental data using
Ginzburg-Landau theory expressions for the specific heat
jump and upper critical field slope at Tc (cf. Supplemental
Material [37]). This is consistent with the sensor tilt angle
used. The same scan height was maintained at all other
temperatures and, although it is large compared to the
penetration depth we are trying to measure, we are
nevertheless able to extract values of λðTÞ from fits with
good accuracy. The temperature dependence of the ex-
tracted London penetration depth λðTÞ is shown in the inset
of Fig. 4, while the corresponding normalized superfluid
density ρsðTÞ=ρsð0Þ ¼ λð0Þ2=λðTÞ2 is plotted in the main
panel of this figure. The vertical error bars on experimental
data points reflect the impact of the sensor noise level on
the vortex profile fitting process combined with uncertain-
ties in the estimated scan height z.
The most natural mechanism of the observed significant
enhancement of the vortex diameter near Tm is suppression
of superconductivity due to exchange interaction between
Cooper pairs and localized Eu2þ moments. This enhance-
ment becomes especially pronounced in the vicinity of the
magnetic transition, where the moments become strongly
correlated. The quantitative description of the suppression
of superconducting parameters by correlated magnetic
fluctuations has been elaborated in Ref. [32]. In the
Supplemental Material [37], we summarize the results
for the correction to the superfluid density that we use
for the modeling of the data. The relative correction is
proportional to the square of the amplitude of the exchange
field h0 and depends on two ratios, T=Δ0ðTÞ and
ξsðTÞ=ξhðTÞ. We also account for renormalization of
parameters due to the nonlocality of the exchange inter-
action described by the range aJ, ξ2h ¼ ξ2S þ 2a2J and
h̃20 ¼ h20ξ2S=ξ2h, where ξS is the spin correlation length.
We assume the Berezinskii-Kosterlitz-Thouless (BKT)




based on recent experimental observations [42], where a ¼
0.39 nm is the in-plane Eu atom spacing, and we use the
numerical factor b as a fit parameter.
We plot the results of our model as a dashed line
alongside our data using the amplitude of the exchange
field, h0 ¼ 15 K, a zero temperature superconducting gap
Δð0Þ ¼ 2 meV, a BKT constant b ¼ 1, and the non-
locality range aJ ¼ 3a. We use the BCS temperature
dependence to describe ΔðTÞ, which is corrected in the
model for the magnetic exchange interaction. The
Ginzburg-Landau coherence length is estimated to be
ξGL ¼ 1.46 nm, deduced from the linear slope of the c-
axis upper critical field near Tc [24,36]. The exchange
correction is added to the bare penetration depth λ0ðTÞ that
would be realized in the absence of any exchange
interactions with magnetic fluctuations, for which we
assume a simple phenomenological temperature depend-




. We apply a value of
λð0Þ ¼ 100 nm which has been estimated from fitting the
aforementioned dependence to our extracted penetration


















FIG. 3. (a)–(c) Vortex-resolved SHM images after field cooling
in Heffz ¼ −0.8 Oe from above Tc to three different temperatures,
illustrating the evolution of vortex profiles as Tm is approached
from above. The field of view in each of these images is 6.5 ×
6.5 μm and vertical scales span 0.9 G. (d) Vortex profiles
extracted from SHM images in the sequence shown in (a)–(c)
with superimposed fits to a modified Clem model, Eq. (1).
FIG. 4. Temperature dependence of the normalized superfluid
density ρsðTÞ=ρsð0Þ (solid symbols) and a fit to the model
described in the text (dashed line). Inset: plot of the
penetration depth as a function of temperature extracted from
fits to a modified Clem model, Eq. (1), for one of the
vortices shown in Figs. 3(a)–3(c). The dashed light blue line
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description across all temperatures above 20 K than the
value λð0Þ ¼ 133 nm extracted from the thermodynamic
data using the Ginzburg-Landau theory [37].
The strong suppression of superfluid density in the
vicinity of Tm is remarkable and was not previously
observed in RbEuFe4As4 or indeed any other ferromagnetic
superconductor, although this possibility was recently
suggested by Willa et al. [36]. This is also in apparent
conflict with the analysis of recent ARPES measurements,
which concluded that the two sublattices are almost fully
decoupled [34]. To understand the temperature-dependent
trend of the suppression seen in our data in Fig. 4, we turn
to our model. Comparing the measured normalized ρs with
predictions of the model, we find good qualitative agree-
ment with our 2D BKT description of the magnetic
correlations above the magnetic transition temperature
Tm ¼ 15 K, confirming the nature of the ordering and
its impact through ξhðTÞ on superconductivity in the
vicinity of Tm. The temperature-dependent magnetic cor-
relation length ξhðTÞ, which is governed by the constant b,
is responsible for the wide temperature range over which
the magnetic ordering influences the superconducting
parameters. Above Tm, the suppression decreases rapidly
as temperature increases, while the shift in Tc is ∼1 K.
Although the suppression of superfluid density is quite
large, the fitted magnetic exchange constant remains
moderate at h0 ≈ 0.4Tc. This is still significantly smaller
than exchange constants estimated for the ternary com-
pounds, which are several orders of magnitude larger than
Tc [3]. This suggests a weak enough coupling between Eu
moments and Cooper pairs in our material that super-
conductivity is never destroyed, yet one that is strong
enough to have a substantial impact on the superconducting
parameters near Tm. We emphasize that our model is a
qualitative one and at best only qualitative agreement with
our data is expected. In particular, the model assumes two-
dimensional scattering behavior across the whole temper-
ature range T > Tm, while this assumption must break
down in the vicinity of the magnetic transition where a
crossover to a three-dimensional regime takes place. In
addition, the BCS expressions we have used for the
temperature dependence of the gap and penetration depth
were derived for single-band materials, whereas
RbEuFe4As4 has a more complicated multiband structure.
Nevertheless, the qualitative agreement between the model
and data validates our simple assumptions in this fascinat-
ing magnetic superconducting material.
In conclusion, we have directly quantified the temper-
ature-dependent superfluid density in RbEuFe4As4 crystals
to reveal a significant suppression of superconductivity due
to correlated quasi-two-dimensional magnetic fluctuations,
despite the apparent spatial separation of the two sublat-
tices. Although insufficient to completely destroy super-
conductivity, this suggests a significant influence of the
exchange interaction on the superconducting subsystem.
Our results will stimulate additional investigations into the
properties of RbEuFe4As4 and other magnetic supercon-
ductors, building on the existing analytical model.
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